Introduction {#Sec1}
============

The French-American-British (FAB) classification of acute myeloid leukemia (AML), based on morphological and cytochemical findings, was established in 1976 and has since become the standard classification \[[@CR1], [@CR2]\]. However, specific chromosomal and genetic abnormalities that have been extracted from analyses of prognostic factors for AML are recognized as important in selecting treatment strategies and are reflected in the AML classification as factors that are required to establish the disease entity \[[@CR3]\]. The 1999 World Health Organization (WHO) classification includes morphological, immunological, cytogenetic, genetic, and clinical features \[[@CR4]--[@CR6]\]. The WHO and FAB classifications differ in several aspects. The blast threshold required for a diagnosis of AML was reduced from 30 to 20%, and new AML categories have been added for cytogenetic abnormalities, the presence of multilineage dysplasia (MLD), as well as a history of chemotherapy and subtypes for acute basophilic leukemia, acute panmyelosis with myelofibrosis, and myeloid sarcoma. The WHO classification comprises more subtypes and is more comprehensive than the FAB classification.

Cytogenetic features are important prognostic factors in AML \[[@CR3], [@CR7]--[@CR12]\]. However, 11q23 abnormalities have not yet been established as a cytogenetic risk classification. Over 30 partner genes with 11q23 abnormalities have been described, and some reports indicate that patients with *t*(9;11) have a relatively more favorable prognosis than those with other partner chromosomes/partner genes \[[@CR13]--[@CR16]\].

In the present study, we reviewed stained smears of blood and bone marrow from patients who were registered in the Japan Adult Leukemia Study Group (JALSG) AML-97 trial, and classified them into FAB subtypes and WHO categories. We also evaluated their survival on the basis of the WHO classification, the myeloperoxidase (MPO)-positivity of blasts, and cytogenetic findings including 11q23 abnormalities.

Patients and methods {#Sec2}
====================

Patients {#Sec3}
--------

Between December 1997 and July 2001, 809 patients aged from 15 to 66 years with untreated AML (excluding M3) were registered from 103 institutions in the AML-97 trial of the JALSG. The patients were diagnosed with AML according to the FAB criteria at each institution. Patients with a history of MDS, hematological abnormalities before the diagnosis of AML, or a history of chemotherapy were not eligible for the AML-97 trial.

Treatment strategies {#Sec4}
--------------------

Details of the JALSG AML-97 treatment protocol are described elsewhere \[[@CR17]\]. In brief, all patients underwent induction therapy consisting of idarubicin (3 days) and Ara-C (7 days). Patients who achieved complete remission were randomized into one of two arms of consolidation chemotherapy alone or in combination with maintenance chemotherapy. Patients who were placed into intermediate/poor risk groups according to the JALSG scoring system \[[@CR17]\] and who had an HLA-identical sibling (≤50 years old) were simultaneously assigned to receive allogeneic hematopoietic stem cell transplantation during their first remission.

Morphologic and cytochemical analyses {#Sec5}
-------------------------------------

Peripheral blood and bone marrow smears from registered patients were sent to Nagasaki University for staining with May-Giemsa, MPO, and esterase, and the diagnosis was then reevaluated by the Central Review Committee for Morphological Diagnosis. Patients were subsequently categorized according to the FAB and WHO classifications. Dyserythropoietic features were defined as \>50% dysplastic features in at least 25 erythroblasts and dysgranulopoietic features including ≥3 neutrophils with hyposegmented nuclei (pseudo-Pelger--Heut anomaly), and hypogranular or agranular neutrophils (\>50% of ≥10 neutrophils). Dysmegakaryopoietic features were defined as ≥3 megakaryocytes that were micronuclear, multiseparate nuclear, or large mononuclear \[[@CR18]\].

We assessed the ratios (%) of MPO-positive blasts on MPO-stained bone marrow smears using the diaminobenzidine method \[[@CR19]\].

Cytogenetic analysis {#Sec6}
--------------------

Cytogenetic analysis was performed at either laboratories in participating hospitals or authorized commercial laboratories. The karyotypes of leukemic cells were collected through the JALSG AML-97 case report forms and reviewed by the Central Review Committee for Karyotyping. The patients were classified into favorable, intermediate, or adverse risk groups based on karyotypes according to results of the Medical Research Council (MRC) AML 10 trial \[[@CR3]\]. The favorable risk group included patients with *t*(8;21) and inv(16), whether alone or in combination with other abnormalities. The intermediate risk group included those with a normal karyotype and other abnormalities that were not classified as either favorable or adverse. The adverse risk group included patients with a complex karyotype with four or more numerical or structural aberrations, −5, deletion (5q), and −7, whether alone or in combination with intermediate risk or other adverse risk abnormalities.

Statistical analysis {#Sec7}
--------------------

The overall survival (OS) for all patients was defined as the interval from the date of diagnosis to that of death. We applied the Kaplan--Meier method to estimate OS and 5-year survival. We compared survival rates between groups using the log-rank test (Stat View J 5.0). Differences were examined by the Chi-square test using Excel software. All *P*-values are two-sided, and values \<0.05 were considered significant.

Results {#Sec8}
=======

Patient characteristics {#Sec9}
-----------------------

Of the 809 registered patients, 638 were consistent with the WHO classification. Data were incomplete for 10 of the 638 patients. Table [1](#Tab1){ref-type="table"} lists the characteristics of the patients. The median age of all 638 patients (390 males and 248 females) was 45 years (range 15--66 years). The median values of WBC, hemoglobin (Hb), platelets, and the ratio of blasts in the bone marrow were 13.7 × 10^9^/l, 8.3 g/dl, 52.0 × 10^9^/l, and 56.0%, respectively. Table 1Patient characteristicsAge (year)45 (15--66)Male/female390/248WBC count (×10^9^/l)13.7 (0.4--709)Hemoglobin (g/dl)8.3 (3.8--17.2)Platelet count (×10^9^/l)52 (0--890)Bone marrow blasts (%)56 (6--99)Values are presented as the median (range)*WBC* white blood cell

FAB classification {#Sec10}
------------------

Table [2](#Tab2){ref-type="table"} shows the FAB classification of the 638 patients. Most were classified as M2 (*n* = 261; 40.9%), followed by M4 (*n* = 148; 23.2%), and M1 (*n* = 109; 17.1%) with M0, M4Eo, M5a, M5b, M6, M7, and acute leukemia of ambiguous lineage comprising the remainder in that order. Table 2Number of patients according to the FAB classificationSubtypeDescriptionNo. of patients%M0Minimally differentiated acute myeloid leukemia (AML)304.7M1AML without maturation10917.1M2AML with maturation26140.9M4Acute myelomonocytic leukemia (AMMoL)14823.2M4EoAMMoL with eosinophils233.6M5aAcute monoblastic leukemia193.0M5bAcute monocytic leukemia243.8M6Acute erythroleukemia162.5M7Acute megakaryoblastic leukemia50.8Acute leukemia of ambiguous lineage30.5Total638100

WHO classification and clinical characteristics {#Sec11}
-----------------------------------------------

Table [3](#Tab3){ref-type="table"} shows the patients categorized according to the WHO classification. The first category of AML with recurrent genetic abnormalities accounted for 171 patients (26.8%), 133 (20.8%) were in the second category of AML with MLD, 331 (51.9%) were in the fourth category of AML not otherwise categorized, and 3 (0.5%) were categorized as having acute leukemia of ambiguous lineage. Most patients in the second category were identical to those with a de novo MLD phenotype. We found that 144 patients diagnosed with the MLD phenotype comprised 133 (92.4%) in the second category, 10 (7.0%) with 11q23 abnormalities, and 1 (0.7%) with acute leukemia of ambiguous lineage. Figure [1](#Fig1){ref-type="fig"} shows the OS of each category. The 5-year survival rates of the first, second, and fourth categories were 58.2, 22.5, and 40.9% (*P* \< 0.0001), respectively. Table 3Number of patients according to the WHO classificationCategory and subtypeNo. of patients%I. AML with recurrent genetic abnormalities17126.8*t*(8;21)(q22;q22);(AML1/ETO)11317.7inv(16)(p13;q22) or *t*(16;16)(p13;q22);(CBFβ/MYH11)264.1*t*(15;17)(q22;q12)(PML/RARα)----11q23(MLL)abnormalities325.0II. AML with multilineage dysplasia13320.8Following MDS----Without antecedent MDS13320.8III. AML and MDS, therapy-related----Alkylating agent-related----Topoisomerase type II inhibitor-related----Other types----IV. AML not otherwise categorized33151.9AML, minimally differentiated253.9AML without maturation9915.5AML with maturation10816.9Acute myelomonocytic leukemia (AMMoL)639.9AMMoL with eosinophilia50.8Acute monoblastic leukemia81.3Acute monocytic leukemia162.5Acute erythroid leukemia60.9Acute megakaryoblastic leukemia10.2Acute leukemia of ambiguous lineage30.5Total638100 Fig.1Overall survival of patients categorized according to the WHO classification

Table [4](#Tab4){ref-type="table"} compares the clinical features among the WHO categories. The mean values of platelets, WBC, Hb, and the ratio (%) of blasts in bone marrow and of MPO-positive blasts significantly differed, whereas age did not significantly differ. Patients in the second category had a higher platelet count (111.0 × 10^9^/l), whereas those with 11q23 abnormalities had a lower count (38.3 × 10^9^/l) compared with those of other subtypes. Table 4Comparison of clinical findings of patients diagnosed according to the WHO classificationCategoryPlatelets (×10^9^/l ± SE)WBC (×10^9^/l ± SE)Hb (g/dl ± SE)Age (year ± SE)Blasts in bone marrow (%±SE)MPO positivity of blasts (%±SE)I*t*(8;21)76.7 ± 56.43 (113)^a^1.4 ± 0.6 (113)7.8 ± 0.2 (113)41.6 ± 1.3 (113)49.9 ± 2.0 (113)93.3 ± 3.3 (108)inv(16)57.8 ± 52.03 (26)6.6 ± 1.2 (26)9.2 ± 0.5 (26)44.5 ± 2.6 (26)50.5 ± 4.1 (26)66.9 ± 6.7 (26)11q2338.3 ± 30.8 (32)4.3 ± 1.1 (32)8.9 ± 0.4 (32)41.6 ± 2.4 (32)56.3 ± 3.7 (32)43.6 ± 6.1 (32)II111.0 ± 121.5 (133)3.0 ± 0.5 (133)8.3 ± 0.2 (133)44.2 ± 1.2 (133)48.0 ± 1.8 (133)34.0 ± 3.1 (126)IV72.8 ± 91.7 (330)5.1 ± 0.3 (331)8.8 ± 0.1 (330)43.8 ± 0.7 (331)65.7 ± 1.2 (328)53.7 ± 1.9 (312)*P* \< 0.0001*P* \< 0.0001*P* = 0.0004*P* = 0.4077*P* \< 0.0001*P* \< 0.0001*SE* standard error, *WBC* white blood cell, *MPO* myeloperoxidase, *Hb* hemoglobin^a^Number of patients

The WBC count of patients with *t*(8;21) was 1.4 × 10^9^/l and lower than in other subtypes. The MPO-positive rate of blasts among patients with *t*(8;21) was higher (93.3%) and that of patients in the second category was lower (34.0%), than in other subtypes. All patients were grouped as high- or low-MPO according to ≥50% or \<50% of MPO-positive blasts, respectively. A total of 339 patients (53.1%) were classified as high-MPO, 268 (42.0%) as low-MPO, and the MPO status of blasts could not be assessed in 31 (4.9%). Figure [2](#Fig2){ref-type="fig"} shows the OS of patients with high- or low-MPO. The 5-year survival rate for patients with high or low-MPO was 50.7 and 29.6%, respectively (*P* \< 0.0001). Fig. 2Overall survival of patients with high or low MPO-positive blasts

Cytogenetics {#Sec12}
------------

All 638 patients were classified into favorable (*n* = 139; 21.8%), intermediate (*n* = 413; 64.7%), and adverse (*n* = 54; 8.5%) cytogenetic risk groups (Table [5](#Tab5){ref-type="table"}). Figure [3](#Fig3){ref-type="fig"} shows the OS according to this stratification. The 5-year survival rates were 63.4, 39.3, and 0.0% in the favorable, intermediate (except for those with 11q23 abnormalities), and adverse risk groups, respectively, and 35.5% in the group with 11q23 abnormalities (*P* \< 0.0001). Table 5Distribution of patients classified by cytogenetic riskCytogenetic risk groupNo. of patients%Favorable13921.8*t*(8;21)11317.7inv(16)264.1Intermediate41364.7Normal karyotype26741.811q23325.0Ph(+)71.1*t*(7;11)(p15;p15)40.6*t*(6;9)40.6Other13120.5Adverse548.5Complex416.4−720.3abn350.8del5q20.3−510.2Other30.5Total638100.0 Fig. 3Overall survival of patients stratified according to cytogenetic risk groups. Significant differences were observed between patients with a favorable, intermediate (except 11q23), and adverse karyotype (*P* \< 0.0001)

The numbers of patients with or without MLD and high- or low-MPO in each cytogenetic risk group are listed in Table [6](#Tab6){ref-type="table"}. None of those with the MLD phenotype were classified into the favorable risk group, while 129 (89.6%) and 15 (10.4%) of 144 patients with MLD were classified into intermediate or adverse risk groups, respectively. Only 15 patients (4.4%) in the high-MPO group were classified as having an adverse risk, while 11 (4.1%) in the low-MPO group were included in the favorable risk group. Table 6Relationship between cytogenetic risk groups and MLD phenotype or MPO-positive rates of blastsFavorable *n* = 139Intermediate *n* = 445Adverse *n* = 54TotalMLD+0129 (89.5%)15 (10.4%)144−138 (28.2%)292 (59.6%)38 (7.8%)490Unknown1214MPOHigh123 (36.3%)201 (59.3%)15 (4.4%)339Low11 (4.1%)221 (82.5%)36 (13.4%)268Unknown523331High- and low-MPO indicates a percentage of myeloperoxidase positive blasts ≥50 or \<50%, respectively*MLD* multilineage dysplasia

The 32 patients with 11q23 abnormalities comprised 11 (34.4%) with *t*(11;19), 9 (28.1%) with *t*(9;11), 5 (15.6%) with del(11)(q23), 4 (12.5%) with *t*(6;11), and 3 (9.4%) with *t*(11;17). Figure [4](#Fig4){ref-type="fig"} shows the OS of the intermediate risk group. The 5-year survival rate was 44.0% in patients with a normal karyotype, 35.5% in those with 11q23 abnormalities, and 30.6% in other patients including those with *t*(7;11), *t*(6;9), and Ph(+) abnormalities, respectively (*P* = 0.033). Fig. 4Overall survival of patients with subtypes of intermediate cytogenetic risk. Significant differences were observed between patients with a normal karyotype and those with 11q23 abnormalities (*P* = 0.033)

Table [7](#Tab7){ref-type="table"} shows the relationship between *t*(9;11) (*n* = 9) and other 11q23 abnormalities (*n* = 23). More patients with low-MPO, without MLD, or with the FAB M5 subtype were found in the group with *t*(9;11) than with other 11q23 abnormalities. The survival rates between the two groups did not significantly differ (*P* = 0.22, data not shown). Table 7Comparison of *t*(9;11) and other 11q23 abnormalitiesNo. of patientsAuerMPO\*MLD\*FABMedian age (year)Median survival (day)+−HighLow+−M1M2M4M4EoM5a\*\*M5b*t*(9;11)9091809003060391031.00Other 11q232351813101013131312348520.00Total3252714181022131618344.5531.5High- and low-MPO indicates a percentage of myeloperoxidase-positive blasts ≥50 or \<50%, respectively*MLD* multilineage dysplasia\* *P* \< 0.05, \*\* *P* \< 0.01

Discussion {#Sec13}
==========

We attempted to classify selected patients who were reviewed morphologically and had available chromosomal data according to the WHO system. However, our series had some limitations in terms of analysis and patient selection. Although we obtained chromosomal data, genetic data were not available. Patients who were diagnosed with AML M3 or who had *t*(15;17), a history of MDS, or preceding hematological abnormalities, or who had previously undergone chemotherapy, were not eligible for the present study. However, multicenter trials might have some advantages in diagnosing AML according to the WHO classification, because morphological diagnoses and karyotypes are reviewed by the corresponding institutional committees.

The incidence of each category of the WHO classification was similar to those in several reports when patients with *t*(15;17) and therapy-related AML were excluded \[[@CR20]--[@CR22]\]. We and several others have shown that approximately 30% of patients have recurrent genetic abnormalities. Multiplex reverse transcriptase-polymerase chain reaction (RT-PCR) assays have recently been applied to analyze cytogenetic abnormalities \[[@CR21], [@CR23], [@CR24]\]. This method might cause the frequency of the first WHO category to increase. Thus, the multiplex RT-PCR assay might have to be incorporated into the WHO system. The JALSG has started a cohort study in which all AML patients in participating hospitals are registered and analyzed according to the WHO classification. That study should clarify the real ratios of the AML subtypes in the WHO classification.

Few reports have included clinical data with the WHO classification. We found that the platelet count was higher among patients in the second category than in other categories. This supports our previous finding that the platelet count is higher in patients with AML accompanied by the MLD phenotype \[[@CR25]\]. Among patients with MLD, none were in the favorable risk group, whereas the intermediate or adverse risk ratios among these patients were 89.6 and 10.4%, respectively. These differences might influence the finding that OS was better among patients without than with MLD (*P* = 0.0002, data not shown). Previous studies have also associated the MLD phenotype with a poorer outcome, although MLD is not significantly prognostic on multivariate analysis \[[@CR18], [@CR26]\], and a German group showed that dysplastic features correlate with adverse karyotypes \[[@CR26]\]. Furthermore, patients in the second category had a lower MPO-positive rate of blasts, whereas those with *t*(8;21) had a higher rate. Patients with high- and low-MPO were more frequently observed in the favorable and adverse risk groups, respectively. Multivariate analysis has shown that MPO is a significant factor affecting OS \[[@CR19]\]. We did not assess prognostic factors by multivariate analysis here because the main theme of this study was to categorize patients according to the WHO classification, and we have already examined these in a previous series \[[@CR18], [@CR19]\].

Several studies have demonstrated the impact of specific cytogenetic abnormalities on survival in AML \[[@CR3], [@CR7]--[@CR12], [@CR20]--[@CR22]\]. The cytogenetic risk groups stratified the AML patients in the present study according to the MRC system, as in these reports \[[@CR3]\]. Therefore, we confirmed the clinical usefulness of cytogenetics as the first category of the WHO classification. We found that 32 patients had 11q23 abnormalities. The MRC system revealed that de novo and secondary AML patients with 11q23 abnormalities had an intermediate outcome with an OS rate of 45% at 5 years (*n* = 60; median age, 17 years) in a younger cohort \[[@CR3]\] and an OS rate of 0% at 5 years (*n* = 11; median age 64 years) in an elderly cohort \[[@CR7]\]. In contrast, SWOG/ECOG trials including adult de novo AML patients (age, 16--55 years) assigned those with 11q abnormalities to the unfavorable cytogenetic subgroup \[[@CR8]\]. Our data showed that patients with 11q23 abnormalities have an intermediate rather than adverse outcome. The prognostic effect of 11q23 abnormalities might depend on the partner gene. Several studies have shown that 11q23 abnormalities with *t*(6;11) and *t*(10;11) are associated with a poor prognosis, whereas *t*(9;11) is associated with a superior OS and such patients might respond well to intensive treatment, especially when the chemotherapy regimen includes high-dose cytarabine \[[@CR15], [@CR27]--[@CR30]\]. The CALGB study has shown that the median OS of 13.2 months among 23 patients with *t*(9;11) was significantly longer than the 7.7 months among 24 patients with other 11q23 rearrangements (*P* = 0.009) \[[@CR30]\]. In a recent CALGB series of 54 patients with 11q23 abnormalities, 27 patients with *t*(9;11) had an intermediate outcome and a median OS of 13.2 months, whereas those with *t*(6;11) or *t*(11;19) had a poor outcome of 7.2 or 8.4 months \[[@CR15]\]. Conversely, Schoch et al. showed that 14 patients with *t*(9;11) had a median OS of 10.0 months compared with the 12.8 months of 26 patients with other MLL rearrangements, and that the two cytogenetic groups did not significantly differ \[[@CR13]\]. Our data showed that nine patients with *t*(9;11) were more frequently involved in M5. The MPO and MLD features significantly differed between patients with *t*(9;11) and those with other 11q23 abnormalities. However, the CALGB study found no significant differences in myelodysplastic features between the two cytogenetic groups \[[@CR30]\]. In terms of OS, our results showed no significant differences between patients with *t*(9;11) and those with other 11q23 abnormalities (*P* = 0.22). Some problems are associated with the analyses of 11q23 abnormalities. We had few patients with these abnormalities, particularly individual translocations, and genetic analysis was not performed. Thus, the prognostic risk of 11q23 abnormalities cannot be concluded from the present study. Nonetheless, these abnormalities were never associated with a favorable risk. To classify 11q23 abnormalities into each prognostic risk group, further investigations and genetic analyses of a large number of patients with 11q23 abnormalities are required.

The fourth WHO category, which is not otherwise categorized, accounted for 52% of patients in the present study. Most of them were classified into the intermediate risk group, and no prognostic subdivisions were valuable. Using cytogenetic features as a prognostic factor in groups with a normal karyotype has limitations, and such patients accounted for 64.6% of the intermediate risk group (data not shown). Additional factors are required to stratify these patients. We and several others suggested that differences could be based on molecular genetic analysis \[[@CR22], [@CR31]--[@CR35]\]. For example, FLT3 mutations are important biomarkers of a normal karyotype and might be valuable for stratifying the intermediate risk group. Further follow-up studies might also shed light on the roles of FLT3 ITD mutations in the development of AML and aid their use as novel molecular targeting agents against AML \[[@CR22], [@CR32]\]. Bienz et al*.* identified CEBPA mutations, FLT3-ITD, and differing levels of BAALC expression as having independent prognostic significance in patients with a normal karyotype \[[@CR33]\]. If these genetic markers can be confirmed as being of clinical significance, genetic analyses will probably be incorporated into the WHO classification.

In summary, our results confirmed those of previous studies showing the prognostic significance of cytogenetics, MLD, and MPO-positivity of blasts in AML. Furthermore, we categorized patients with de novo AML according to the WHO classification and showed the clinical characteristics and OS of each category.
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